Background: Although Kawasaki disease (KD) is the most common cause of acquired heart disease in children and may result in coronary artery aneurysms (CAA) with an attendant risk of myocardial infarction, there is no recommended therapy to halt progression of arterial wall damage and prevent aneurysm formation in the acute phase of the vasculitis. While intravenous immunoglobulin (IVIG) reduces the risk of CAA, up to 20% of KD patients are IVIG resistant and have a higher risk for developing CAA. The IL-1 pro-inflammatory pathway is upregulated in children with acute KD and plays a critical role in the experimental animal model of KD. Thus, IL-1 is a logical therapeutic target. Objectives: The goal of this study is to determine the safety, tolerability, pharmacokinetics, and immunomodulatory effects of anakinra, a recombinant human IL-1 receptor antagonist, in acute KD patients with coronary artery abnormalities on the baseline echocardiogram. Design: This is a two-center dose-escalation Phase I/IIa trial in 30 acute KD patients ≥ 8 months old with a coronary artery Z score ≥ 3.0 in the right coronary artery and/or left anterior descending artery or an aneurysm. Subjects will receive a 2-to 6-week course of anakinra by daily subcutaneous injection and will be assessed for resolution of inflammation and dose limiting toxicities (leukopenia, anaphylactoid reaction, or severe infection). Conclusion: The safety and tolerability of blocking both IL-1α and Il-1β by anakinra will be evaluated as a strategy to prevent or attenuate coronary artery damage in infants and children with acute KD.
Introduction and rationale
Kawasaki disease (KD), the most common cause of acquired heart disease in children in Western developed countries and Asia, is a systemic vasculitis of unknown etiology. KD causes both a myocarditis and a vasculitis that damages the coronary arteries and other medium-sized muscular arteries leading to the formation of aneurysms [49, 53] . The major sequelae of aneurysms include thrombosis, late coronary artery stenosis, myocardial ischemia, myocardial infarction, and death [10, 15, 27] . Treatment with intravenous immunoglobulin (IVIG) reduces the risk of aneurysm formation from 25% to 5% [31] . However, for patients with IVIG-resistance, the risk of aneurysms increases 3-fold [51] . Currently, there is no recommended therapy beyond IVIG to halt the progression of arterial wall damage and prevent aneurysm formation. Since aneurysm prevention is a primary goal of treatment during the acute phase of KD, we have focused on intensification of therapy for patients with early coronary artery abnormalities (CAA) detected by transthoracic echocardiography.
In the KD mouse model, in which a coronary artery vasculitis, aortitis, and myocarditis are induced with an intraperitoneal injection Contemporary Clinical Trials 48 (2016) [70] [71] [72] [73] [74] [75] of a cell wall extract from Lactobacillus casei (LCWE), mice exhibit systemic inflammation, increased body temperature, and elevated levels of IL-1β [22, 45, 52] . This LCWE-induced vasculitis occurs through the IL-1R signaling pathway via MyD88 in wild-type C57BL/6 but not IL-1R knockout mice [19, 20, 41] . Studies to evaluate the effects of IL-1 blockade with anakinra in the LCWE KD mouse model have demonstrated clear benefit with reduction in inflammation. In addition, IL-1 related genes are upregulated in KD peripheral blood during acute phase of illness [11] .
Given the data supporting the role of IL-1 in the systemic inflammatory response in KD, we have chosen to pursue blocking of the IL-1 pathway in children with acute KD with anakinra, which competitively inhibits IL-1 binding to the IL-1 type 1 receptor. The rationale for choosing anakinra over other agents includes the rapid onset of IL-1 blockade, the ability to block both IL-1α and β, the excellent safety profile in young infants and children, and the short half-life in case of infectious disease complications (Table 1) .
Objectives
The goal of this study is to determine the safety, pharmacokinetics, and activity of anakinra in acute KD patients at least 8 months of age with a coronary artery Z score (internal dimension of the coronary artery normalized for body surface area and expressed as standard deviations from the mean) ≥ 3.0 in the right coronary artery (RCA) and/or left anterior descending (LAD) artery. This study is viewed as preparatory to a Phase III trial of anakinra to prevent or attenuate coronary artery damage in acute KD.
Study design
This two-center dose-escalation Phase I/IIa trial (See Dose Levels Table 2 ) will determine the safety, tolerability and immunomodulatory effects of anakinra in 30 acute KD patients at least 8 months old with CAA. The enrollment age limit is a condition of our IND and was imposed by the FDA until safety data for KD could be reviewed after completion of this trial. Enrollment will occur at two study sites: Rady Children's Hospital San Diego and Children's Hospital of Boston.
All subjects will be treated with IVIG, 2 g/kg and aspirin (30-50 mg/kg/day divided every 6 h; lowered to 3-5 mg/kg/day at the time of discharge or when afebrile for 48 h, whichever comes first), which is the standard of care. The first two doses of anakinra will be administered intravenously (i.e. 4 mg/kg/day will be 2 mg/kg IV every 12 h for two doses) to ensure rapid drug effect and minimize discomfort related to medication administration in subjects. Anakinra will be administered intravenously by bolus over a 1 to 3 min period [35] . All subsequent doses will be administered once daily subcutaneously starting 24 h after the first dose of the medication. Treatment-resistance will be defined as persistent or recrudescent fever (T ≥ 38.0°C orally or rectally) ≥ 36 h and b7 days following end of IVIG infusion ( [51] . Subjects who meet criteria for treatment-resistance will be treated at the Center PI's discretion.
All subjects will receive at least 2 weeks of therapy. Only subjects with an echocardiogram at 2 weeks that shows either an LAD or RCA Z score ≥ 2.5 or an aneurysm (≥1.5 × the adjacent segment) of one of the coronary arteries will receive an additional 4-week course of anakinra. Although the inclusion criteria is a Z score ≥ 3.0, we consider a vessel with a Z score ≥ 2.5 two weeks after enrollment to be sufficiently abnormal to continue anakinra. All subjects will remain on study for the full 6 weeks whether or not they are receiving anakinra.
The dose-escalation protocol will enroll a minimum of three subjects per dose level ( Table 2) . A maximum of 100 mg/day will be administered. The 3 + 3 dose escalation design uses the number of dose limiting toxicities to determine the maximum tolerated dose (Table 3) .
All patients will be evaluated at baseline as well as 48 h and 2 and 6 weeks after enrollment (Fig. 1) . Relevant medical course, vital signs, and physical examination will be recorded. Pharmacokinetic samples will be taken at 2, 5 and 8 h after the first IV dose of the medication and trough samples will be collected at 48 h and 2 and 6 weeks (if still taking anakinra). Subjects will be monitored for adverse events and serious adverse events, and at 2 and 6 weeks will be assessed for a dose limiting toxicity, defined as a serious infection qualifying as a serious adverse event and requiring intervention, a decrease in the white blood cell count to b1500/mm 3 (Grade 3 severity by NIH/NIAID) [33] or an anaphylactoid reaction to an injection of anakinra. To assess for compliance with the study medication, the number of syringes dispensed as well as the remaining number of syringes at each study visit will be recorded. Echocardiograms will be performed at 2 and 6 weeks and read by a single cardiologist blinded to clinical and treatment status of the subjects. Additional echocardiograms for the clinical care of the subject will be at the discretion of the center investigator. The following testing will be performed on all subjects at baseline (pre-anakinra), 48 h, 2 and 6 weeks after study entry: levels of hsCRP, α1-antitrypsin and fibrinogen, and white blood cell count. The erythrocyte sedimentation rate (ESR) will be measured at baseline, 2 and 6 weeks. Subjects will be assessed for compliance with the study medication at the 2 and 6 week visit. Table 1 Justification for selecting anakinra to block the IL-1 pathway in KD.
Pros Cons Anakinra
• Blocks both IL-1α and IL-1β
• Approved in infants with severe autoinflammatory diseases (no lower age limit) • Substantial use and proven safety in infants and young children • Rapid anti-inflammatory effect: peak plasma levels within hours of administration [54] • Short half-life and immunosuppression a a A total of 30 subjects will be enrolled in this study. Once the maximum tolerated dose (MTD) is determined, all remaining subjects will be enrolled at the MTD.
Inclusion and exclusion criteria
Infants and children at least 8 months of age (age limited by Food and Drug Administration) within the first 20 days after fever onset who meet American Heart Association criteria for KD and have a Z Fig. 1 . Legend: Study design and flow LAD, left anterior descending coronary artery; RCA, right coronary artery; IVIG, intravenous immunoglobulin; WBC, white blood cell count; hsCRP, high sensitivity C-reactive protein; ESR, erythrocyte sedimentation rate; PK, pharmacokinetic. Enter a total of 6 patients at this dose level.
• If 0 of these additional patients experience a DLT, proceed to the next dose level.
• If 1 of these additional patients experiences a DLT, then dose escalation is stopped (see below).
≥2
At least 3 additional patients will be entered at the next lowest dose level if only 3 patients were treated previously at that dose. This lower dose level will be declared the MTD. DLT = dose limiting toxicity; A DLT is defined as any of the following at the 2 or 6 week time point: (1) Serious infection qualifying as a serious adverse event and requiring intervention; (2) a decrease in the white blood cell count to b1500/mm 3 (Grade 3 severity by NIH/NIAID) [33] ; (3) an anaphylactoid reaction to an injection of anakinra. MTD = maximum tolerated dose; the MTD is defined as the highest dose of anakinra studied at which no more than on in six subjects experiences a DLT during the 6 weeks of treatment.
score of ≥3.0 of the LAD and/or RCA or an aneurysm are study eligible (Table 4) . Subjects with an active, culture-positive bacterial infection will be excluded.
Primary and secondary endpoints
The primary endpoint of the study is safety and tolerability of anakinra in the study population. The pre-specified secondary endpoints are the pharmacokinetics of anakinra, the changes in echocardiographic assessment of the internal diameters of the coronary arteries expressed as Z scores over the course of the study, and the change in biomarkers of inflammation including levels of hsCRP, α1-antitrypsin and fibrinogen, and the WBC and ESR. Innate immune cells and T cells will be studied prior to therapy and 2 and 6 weeks after therapy. Plasma and transcript levels of relevant cytokines and IL-1 pathway molecules, including IL-17, tumor necrosis factor (TNF)αR1 and R2, IL-8, IL-27, IFNg, sIL-1R1 and R2, IL-6, sIL-6R, and IL-10 will be assessed.
Ethics and informed consent
The study protocol was reviewed and approved by the Institutional Review Board at the University of California San Diego and Boston Children's Hospital. Written informed consent will be obtained from the parents or legal guardians and assent, when appropriate, will be obtained from the patient. This trial is registered with clinicaltrials.gov (NCT02179853).
Statistical methods

Data analysis
All enrolled subjects at the maximum tolerated dose will be included in a case:control study and matched with historical controls from each center for age, sex, illness day, adjunctive therapies in addition to IVIG, and the worst coronary artery Z score for the RCA and LAD on the initial, pre-treatment echocardiogram. Measures of inflammation, including hsCRP, ESR and WBC, at two weeks will be compared to that of matched controls via paired statistical tests (e.g. McNemar's test for categorical outcomes or the paired t-test for continuous outcomes). Non-parametric alternatives will be considered only if distributional assumptions are violated. Each marker will be initially summarized descriptively and analyzed individually. Separate multivariable mixed models repeated measures for clustered data (to account for the casecontrol paired nature of samples and repeated measures over time) will be used to characterize the markers of anakinra-treated subjects versus matched controls to adjust for any known confounders and additional time points (baseline, 48 h, 2 weeks, and 6 weeks).
Sample size
This Phase I/IIa trial is not powered to show a difference in coronary artery dimensions or treatment response compared to controls. Instead, the sample size was determined based on detectable differences in inflammatory markers. A sample size of 30 KD patients treated with anakinra and 30 matched controls will have 80% power based on a two-sided, paired t-test with alpha set to 0.05 to compare the change from baseline to two weeks in several inflammatory markers, including α-1-antitrypsin and hsCRP.
Discussion
Despite timely treatment with high dose IVIG and aspirin, some infants and children with KD develop CAA. However, there is no recommended therapy to halt the progression of arterial wall damage and prevent aneurysm formation. Thus, aneurysm prevention is a primary goal of treatment during the acute phase of the disease and is the focus of this trial. Data from both animal studies and evaluation of the IL-1 pathway in patients with acute KD support IL-1 blockade as a therapeutic option.
Studies in the LCWE-induced mouse model of KD vasculitis have shown that the NLRP3 inflammasome, caspase 1 activation and IL-1β and IL-1α are important in KD vasculitis [19] [20] [21] 41] . The IL-1 R antagonist, anakinra, which blocks both IL-1α and IL-1β, significantly blocked coronary arteritis, aortitis and myocarditis in this experimental model [19, 20] .
In KD, the interleukin (IL)-1 pathway is upregulated, as demonstrated by increased transcript abundance by microarray and by increased levels of pathway proteins in the plasma [11, 23, 26, 37] . In a microarray study of acute and convalescent whole blood samples (PAXgene®) from 141 KD subjects, transcript abundance profiles from KD patients were compared to those of pediatric subjects with different acute infectious diseases and to pediatric healthy controls [11] . Differentially expressed transcripts were analyzed according to their participation in different biologic pathways. Common features of the top three pathways for KD were the abundance of transcripts related to the activation of the NLRP3 inflammasome, including IL-1α and β and caspase-1-related transcripts. The upregulation of key genes in the IL-1 pathway was validated using qRT-PCR in an independent cohort of 20 KD patients and 10 healthy controls [11] . IL-1α also plays a critical role in chronic inflammation, and recent studies suggest that IL-1α may regulate IL-1β secretion [6] [7] [8] 14] . It is intriguing that, IL-1 signaling drives proliferation of smooth muscle cells (SMC) and myofibroblast formation [2, 3, 44] , a pathologic hallmark of subacute arteriopathy seen in KD.
Recent genome wide association studies have identified several risk loci and polymorphisms in patients with KD. Among, these, the SNPs in the inositol-trisphosphate 3-kinase C (ITPKC) gene were the most strongly associated polymorphisms with KD in both Japanese and US children [17, 24, 34] . Importantly, ITPKC regulates Ca 2+ influx in the cell, and this mutation leads to sustained elevation of intracellular Ca
2+
, which is known to induce NLRP3 inflammasome activation [13, 18, 29, 38] . The convergence of emerging genetic data with the findings that IL-1 signaling plays a crucial role in the experimental mouse model of KD, as well as the IL-1 pathway being upregulated in KD patients, provide a strong rationale for our hypothesis that IL-1 signaling plays a key role in KD vasculitis and coronary arteritis.
Anakinra is currently used in several inflammatory diseases in infants and children, including systemic juvenile idiopathic arthritis and many of the autoinflammatory syndromes including cryopyrinassociated periodic syndromes (CAPS) and tumor necrosis factor receptor-associated periodic syndrome (TRAPS) [9, 12, 40] . In a recent study of 26 patients with the autoinflammatory syndrome neonatalonset multisystem inflammatory disease (NOMID), treatment with anakinra for 36 months had a low adverse event rate, with upper respiratory infection as the most commonly reported complication [47] . A similar study using anakinra in another autoinflammatory disorder, Muckle Wells syndrome, did not demonstrate any serious adverse events in the 12 patients treated with anakinra for a median of 11 months (range 5-14 months), of whom 5 were children [16] .
At least 52 pregnant women, infants and children b2 years of age have been treated with anakinra with doses ranging from 1 to 20 mg/kg without serious adverse events [1, 4, 5, 12, 25, 28, 30, 32, 36, 39, 42, 43, [46] [47] [48] . In addition, through an informal survey of rheumatologists belonging to the Childhood Arthritis and Rheumatology Research Alliance (CARRA) Network, I was notified of an additional 10 infants (2 to 11 months old) who received anakinra (maximum dose ranging from 3 to 9 mg/kg) for inflammatory disorders without major adverse events. Thus, given the established safety of anakinra in young infants and children with inflammatory disorders, a Phase I/IIa study that evaluates safety, tolerability, and immunomodulatory effects in infants and children with acute KD and CAA is justified.
Anakinra has been used to treat three severe KD patients who were resistant to IVIG treatment [5, 46, 50] . A 2 year old with giant aneurysms who failed therapy with IVIG and steroids was treated with a 6 week course of anakinra at 1 mg/kg [5] . She suffered no adverse effects and at 6 months coronary angiography demonstrated resolution of the aneurysms, which was unexpected in such a severe case of KD. An 11 week old with KD and giant aneurysms was refractory to three doses of IVIG, steroids and a dose of infliximab [46] . She was treated with anakinra initially at 6 mg/kg/day and then increased to 9 mg/kg/day. She too did not suffer any adverse effects and at an 8 month follow up visit her coronary artery status had also significantly improved. At our center, we treated a 2 month old White female infant who presented with a one week history of fever, classic signs of KD, and dilation of the left main coronary artery and left anterior descending coronary artery as well as an aneurysm of the right coronary artery (Z score max 8.2) by echocardiography. Given the severity of this infant's illness, we added anakinra (2 mg/kg/day) on the eighth day of illness for five days. Unexpectedly, tissue remodeling, evidenced by decreasing Z score of the RCA, was documented within a month following anakinra treatment. In these three KD patients with CAA, treatment with anakinra did not result in any adverse events and coincided with a decrease in systemic inflammation and coronary artery dimensions.
The 3 + 3 study design allows a rapid escalation through three dosage levels while providing valuable data for PK analysis to inform the choice of dose for a subsequent Phase III efficacy trial. No assumptions are made about the dose/toxicity relationship and the design avoids exposing too many subjects to sub-optimal doses while preserving safety considerations for the toxicity endpoint. This adaptive study design is particularly well-suited to Phase I/II trials enrolling patients with rare or uncommon diseases for which the numbers of study-eligible subjects are limited but the trial requires rapid accrual. This dose finding scheme is a common approach in Phase I oncology trials given its simple design with defined stopping rules for escalation.
There are several strengths and limitations of this study. This is the first clinical trial to target the innate immune response to block progression of arterial wall damage in acute KD patients.
Although enrollment can frequently be a major issue in KD clinical trials, our experience is that families in this setting are interested in participating in research that might help improve the future treatment and understanding of this uncommon condition. Obtaining permission from parents for phlebotomy is always a potential hurdle in any clinical trial. We have timed the research phlebotomy to coincide, as much as possible, with clinically-indicated phlebotomy to improve parent acceptance. The choice of a Z score of 3.0 as entrance criterion was based on our experience with 103 KD patients with CAA at Rady Children's Hospital San Diego. Of these patients, 8 of 43 (or approximately 1 in 6 patients) with a Z score ≥ 3 went on to develop an aneurysm. This cut-point had a higher proportion of KD patients with an aneurysm than a Z score of 2.5 for which only 11 of 103 (or approximately 1 in 10 patients) developed an aneurysm. Thus, in order to capture a large proportion of the children who would develop an aneurysm yet limit the number of children treated with anakinra, we chose a cut-point Z score of 3. There is currently no robust biomarker to identify patients at risk for aneurysm development.
Conclusion
Thus, this dose-escalation Phase I/IIa trial will determine the safety, tolerability and immunomodulatory effects of anakinra in KD patients at least 8 months of age.
